For a simple oscillator capable of producing chaotic as well as periodic signals we discuss the role of the voltage source used to power the oscillator. This choice may sometimes be crucial to the operation of the oscillator. We have shown experimentally that a poor choice may suppress chaos altogether.
I. INTRODUCTION
After publication of a paper 1 describing a chaotic generator, one of us ͑EG͒ submitted to the AJP editor a short communication as a comment on Ref. 1. He pointed out that when dealing with chaotic circuits one should mention 2 the nature and role of the impedance of the voltage sources used in the circuit. Although it is the normal practice of numerical experimentalists to assume the voltage sources to be ideal, we were surprised to learn that papers describing actual experiments often provide little detail of the voltage sources used. A simple survey of literature shows that this is indeed the case. [3] [4] [5] [6] [7] [8] [9] The editor then suggested that it would be useful to have experimental evidence in support of his comments. The present paper is the result of our joint study of the role of the impedance of the voltage sources used to power chaotic electronic oscillators. A few simple cases are considered to illustrate the various situations that may arise in the course of an experiment. We present here the results of our laboratory observations along with PSPICE simulations to stress our points. Figure 1 shows a block diagram of the complete oscillator, which consists of ͑1͒ a power supply ͑shown as a separate block in the diagram͒ that serves as power source and ͑2͒ an oscillator circuit that is the load for the power source. As already mentioned, it is normal practice to place a power source symbol ͑indicating an ideal power source͒ in the circuit instead of a separate block for a nonideal power supply. DC voltage sources are generally used in the laboratory for such oscillator systems, but chaos may also be obtained in periodically driven systems; in both cases, it is essential to give a proper definition of the system, including its power source, if chaos is to be observed and understood.
II. THEORY
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In practice, the power source impedance contains some inductive and capacitive contributions in addition to resistive contributions. In a good source the inductive and capacitive contributions are very small throughout the range of operating frequencies. But the range specified by manufacturer of the power supply may be narrower than the range that arises in the circuit with the source when the chaotic phenomena develop. It can be argued 2 that some additional terms should appear in the system equations to account for these properties of the power source; otherwise, the system equations will provide only a poor representation of the actual system. This can be verified by following consideration.
Let Z() be the impedance of the power source whose output voltage; V 0 (t), is a known function of time that may be constant or periodic. If the output current of the power source, i(t), is written in terms of the spectral density, i(), through the Fourier transform
then the output voltage of the source, V out (t), can be written as
Obviously, V out (t) is different from the ideal value V 0 (t). The last term expresses the change in the input voltage to the oscillator circuit due to the nonideal properties of the power source.
Our observations show that well-regulated power supplies available commercially operate as almost ideal voltage sources over the range of operating frequencies typical of many chaotic oscillators.
1 This is illustrated in case 1 of Sec. IV. We have also found that chaos may be suppressed or disappear altogether in the case of a poor choice of the voltage source. Cases 2, 3, and 4 of Sec. IV give examples of the use of such sources.
III. EXPERIMENTAL APPARATUS
It is common practice to use a regulated dc power supply for experiments with simple oscillators. Alternatively, one may opt for simple dry cells. The selection of a battery or an electronic power supply obviously depends on the nature of the load. If the load has low impedance, then the source ought to have low internal impedance in order that there not be considerable voltage drop within the power source itself. The case becomes more complex when the source is oscillatory and the driven circuit has a nonlinear frequency response with an extended frequency range.
We keep the present investigation relatively simple by studying a chaotic oscillator circuit that is driven by a simple dc source ͑dual supply͒. In order to make the power source imperfect, we deliberately introduce additional resistances in series ͑R2 and R3 in Fig. 2͒ with the regulated dc power supply, thereby modifying the nature of the power source, as shown in Fig. 2 . In the circuit diagram of Fig. 2 , all of the 
IV. RESULTS
In this section we present the results of our observations of this circuit for various modifications of the voltage source.
A. Case 1
With reference to Fig. 2 , we chose R1ϭ202 ⍀ and the dual power supply set to provide ϩ4.52 and Ϫ4.51 V in the absence of any load. The internal resistance of the power source was measured indirectly with the help of a digital multimeter and found to be 0.05 ⍀. The ϩ4.52 and Ϫ4.51 V output voltages were then connected to the circuit of Fig. 2 as the ϩVe and ϪVe batteries, respectively. Figure 3͑a͒ shows the phase portrait of the oscillator as observed on the oscilloscope; the oscillation is clearly chaotic. We have performed a PSPICE simulation of this situation with the following components: R1ϭ202 ⍀, ϩVeϭ4.5 V, and ϪVe ϭϪ4.5 V, with series internal resistances R2ϭR3ϭ0.05 ⍀ for each ''battery.'' Figure 4͑a͒ shows the phase portrait that results from performing the simulation. The simulated phase portrait is very similar to that obtained experimentally.
B. Case 2
We now add resistances ͑R2 and R3 of Fig. 2͒ of 1 ⍀ in series with the power source to introduce a slight imperfection. R1, ϩVe, and ϪVe are kept the same as in case 1 above. Figure 3͑b͒ is the resulting phase portrait as observed by the oscilloscope. We find that the chaotic oscillation is somewhat suppressed. PSPICE simulation results with internal resistances of 1 ⍀ also indicate a similar suppression of chaos as seen in the phase portrait simulation of Fig. 4͑b͒ .
C. Case 3
As we increase the imperfection by making the internal resistances 5 ⍀ the chaotic oscillation gets periodic. Figure  3͑c͒ is the phase portrait of this situation as observed by the oscilloscope. The figure clearly indicates period 2 oscillation. A PSPICE simulation also indicates period 2 oscillation as can be seen in Fig. 4͑c͒. 
D. Case 4
Further increase of the internal resistances does not change the dynamics appreciably. For internal resistances of 10 ⍀ we find almost the same results as for the previous 5 ⍀ case. Experimental and simulation phase portraits for the 10 ⍀ case are shown in Figs. 3͑d͒ and 4͑d͒ , respectively.
E. Case 5
We have also repeated our observations with ordinary dry cells of 1.5 V. Six such cells are required to replace the dual voltage source; three are put in series to obtain ϩ4.5 V and another three in series provide Ϫ4.5 V. The internal resistance of a series combination of three cells was measured indirectly with the help of a digital multimeter and found to be 0.4 ⍀. Figure 3͑e͒ shows the phase portrait as observed by the oscilloscope, indicating that chaotic oscillation can even be observed with such a simple power source. 
V. CONCLUSIONS
The present observations show that care should be taken when constructing chaotic electronic oscillators. Power sources should be selected so that no significant internal voltage drop occurs within it and no ripple appears at its output when the oscillator draws the current it requires; otherwise, the whole circuit will not be described well by the proposed equations. We have shown that chaos may be suppressed or even vanish for a poor choice of voltage source.
Fortunately for experimentalists, it is not too difficult to choose a proper voltage source from among those that are available commercially. This explains the fact that experiments on chaotic circuits are reproduced all over the world, giving essentially the same results.
For numerical simulations, one need not consider additional terms in the system equations in order to take account of the voltage sources that are used in the circuit. This would merely complicate the system equations unnecessarily.
As discussed above, we kept the present study rather simple by considering only the resistive part of the internal impedance of the power source used for the oscillator circuit. Further studies incorporating inductive and capacitive contributions to the power-source impedance might constitute an interesting project for undergraduate students in an electronics laboratory course. 
